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Abstract 
Micro-alloyed (MA) forging steels are becoming increasingly important economic alternative to the traditional quenched and 
tempered steels. MA steels do not require heat treatment after they are shaped into parts, as the required mechanical properties 
are obtained directly at the end of the process and save the cost and energy by reducing the number of operations. Also, these 
steels have achieved very good characteristics of toughness and weldability. These beneficial properties have been achieved by a 
careful control of chemical composition and by adopting suitably controlled thermo- mechanical processes. In this study, hot 
compression test on a medium carbon vanadium micro-alloyed steel grade 38MnVS6 has been performed on Gleeble-Thermo 
mechanical Simulator (TMS) in order to study the effect of forging temperature and strain rate on flow stress. Also the proposed 
process has been simulated using a forging process simulation software tool, DEFORMTM 3D V6.1. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In manufacturing processes forging is used to shape up the material to desired shape. Especially, hot forging is 
widely used by number of forging industries due to ease of metal flow. However, some of hot forging process like 
Isothermal forging and Hot-die forging processes are used for high quality material like Medium Carbon Micro-
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Alloyed (MC-MA) steels. During hot working of plain carbon steels, the microstructure development is not as 
pronounced, as can be observed in the case of micro-alloyed steels that contain small amounts of Ti, Nb, Al or V 
singly or in combination. MC–MA steels do not require heat treatment after they are shaped into parts, as the 
mechanical properties are obtained directly at the end of the process, so an important saving of costs and energy can 
be reached by reducing the number of operations. Also, these steels present very good characteristics of toughness 
and weldability (Majta and Bator, 2002). These beneficial properties have been achieved by a careful control of 
chemical composition and by adopting suitably controlled thermo- mechanical processes. Micro-alloyed steels, 
containing 0.30–0.50 wt.% of C, could satisfactorily replace conventional quenched and tempered steels. The driving 
force behind the development of micro-alloyed steels has been the need to reduce manufacturing costs. High strength 
steels achieve the desired strength and toughness by a sequence of thermal treatments, i.e., quenching and tempering 
after high temperature deformation. MC–MA steels, instead, are able to achieve high mechanical properties through 
a simplified thermo-mechanical treatment, based on controlled cooling after hot deformation. Consequently, the 
desired properties can be obtained without the separate quenching and tempering treatments required by 
conventional carbon steels. The reduction of the cost for the production process and the improvements in properties 
and performance obtainable with micro-alloyed steels therefore led to an increase in their use. 
 Optimization of forging process depends upon many variable but the vital parameters which can have major 
influence are strain rate, forging temperature, cooling rate with respect to Material properties. Temperature as we 
know plays vital role in forging right achieving better flow stress in order to decrease the forging load to increase the 
die life. Apart from temperature strain rate also plays major role in selection of forging process, if high strain rate 
can achieve better mechanical properties by producing finer grain size components which in return improve the 
durability and fatigue life of component. With the increasing use of FEM (finite element method) to characterize the 
work-piece behavior under the different stages of forging, knowledge of the constitutive relationships relating 
process variables such as strain rate and temperature to the flow stress of the deforming material is required, and 
hence it is important to evaluate the flow stress (park et al., 2002).Flow stress can be defined as the resistance of a 
material against plastic deformation and expressed as function of temperature, strain, strain rate and microstructure.   
In this work Isothermal forging of Medium Carbon (MC) vanadium micro-alloyed steel has been carried out 
using thermo-mechanical simulator (GLEEBLE-3500) to analyse the effect of forging temperature range from 900- 
11000C at various strain rates from 0.2s-1 to20s-1 on flow stress. 
2. Experimental Procedure 
The chemical composition of as-received bars is given in Table 1. Prior to the simulation the specimens were 
prepared by a diamond cutter (Low speed saw, Buelher make) shown in Fig. 1. All simulations were done using 
cylindrical compression testing specimen geometry, 10 mm (0.394 in) diameter by 15 mm (0.591 in) long given in 
Fig. 2. Both opposite surfaces of the specimen were parallel to ensure uniform deformation during testing. 
Table. 1. Chemical Composition of Experimental 38MnVS6 micro-alloyed steel in (wt. %) 
AISI 1035 C Mn Si S P V 
0.35-0.40 1.2-1.5 0.5-0.8 0.03-0.065 ≤0.035 0.08-0.2 
 
 
 
 
 
 
 
 
Fig.1. Low speed saw, a diamond cutter (Buelher make, USA) 
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Fig.2. Sample prepared; D= 10 & H= 15 mm 
The first step in preparation of sample for testing is welding of thermocouple. All specimens had a 0.254 mm 
(0.010 in) diameter type K control thermocouple spot welded on the surface at the centre of the specimen. 
Thermocouple wire was PFA (a fluorocarbon polymer) coated to prevent shorting between the wires away from the 
specimen. After which specimens are fixed between the anvils exactly at the centre without any deviation such that 
deformation axis is straight and doesn’t result in formation irregular shape as shown in Fig. 3. 
 
 
 
 
 
 
 
Fig.3. Schematic arrangement of the assembled ISO-TTM compression fixture 
The fixtures contain anvil at the centre which are of tungsten carbide (WC), these anvil are degradable and 
usually does not last for high repetition of cycles. The specimens are hold together by the anvils with graphite foil in 
between with nickel-based anti-seize compound grease applied in order to prevent the diffusion of carbon from 
graphite foil on to specimen at high temperatures. Graphite foils are used for temperatures below 11000C where in 
case of temperature greater then these tantalum foils are used which act as lubricant between anvils and specimen. 
The experiments were performed with standard experimental procedures on a thermo-mechanical simulator 
(Gleeble-3500) as shown in Fig. 4 to give a different strain rate. The specimens were deformed to 66 % and the flow 
stress data were recorded. All the tests were carried out under isothermal conditions. The operating conditions under 
which tests are carried out are given in Table 2. 
Table.2. Experimental set up 
Sample No. Forging Temperature (OC) Strain Rate (S-1) 
1  
9000C 
0.2 
2 2 
3 20 
4  
10000C 
0.2 
5 2 
6 20 
7  
11000C 
0.2 
8 2 
9 20 
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Fig.4. GLEEBLE-3500 for Thermo Mechanical Simulati 
Gleeble systems incorporate a closed-loop thermal system and a closed-loop hydraulic servo system under 
synchronous digital computer control, providing the performance that is needed to perform accurate testing and 
physical simulations. Heating rates of 10,000ʹC per second, stroke rates exceeding 1,000 mm per second and 22,000 
lbs. of tension and compression force are available on a standard Gleeble 3500. Gleeble systems are unique in that 
they are the only systems capable of maintaining uniform temperature cross sections - isothermal planes - at the 
midspan of the specimen, even whie heating or cooling rapidly. Because of these isothermal planes, material 
researchers can be confident that results will accurately reflect the material being tested, regardless of specimen size. 
3. 3D FINITE ELEMENT MODELING 
Forging process design traditionally has relied mostly on empirical knowledge and trial-and error experience of 
the designer, which requires much time and money. However, the adopted simulation method by FEM used here can 
effectively evaluate the influence and the significance of process parameters, and is helpful for different aspects, 
including shortening research and development and production lead time, improving the product quality, and 
reducing production cost (Oh S.I., 1991). The forging process was modelled using the FEM software package 
DEFORMTM 3D v 6.1, which was designed for metal forming calculations. In FE modeling, the top and bottom dies 
were represented as rigid, a total of 168457 coupled thermo-mechanical tetrahedron elements were selected to 
discretize the specimen, with refined mesh in the inside and outside layers of the specimen, where severe 
deformation usually occurred. 0.099 mm was used as the increment size for each step during loading to save 
computational time and decrease the number of remeshing so as to obtain a balance between accuracy and efficiency 
in computation. Two contact pairs are defined between the specimen and the upper die as well as lower die, 
respectively. Fig. 5 shows the finite element model of the specimen and Table 3 shows operations parameters 
assigned to complete the simulation. 
 
 
 
 
 
 
 
 
 
 
Fig.5. FE model of the ring compression test 
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Table.3. Operation parameters assigned to complete the simulation 
Forging Equipment Hydraulic press 
Mesh type Tetrahedral 
No. of elements 168457 
Simulation mode Isothermal 
Primary die Top die 
Environment Temperature 200C 
Simulation step 100 
Step increment 1 
Primary die Top die 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. (a) Samples during deformation; (b) Samples after deformation 
Table.4. Results of Thermo-mechanical Simulator deformation Test 
Sample No. Forging Temperature (OC) Strain Rate (S-1) Maximum Flow Stress (MPa) 
1  
9000C 
0.2 -156.51 
2 2 -193.64 
3 20 -248.99 
4  
10000C 
0.2 -96 
5 2 -140.43 
6 20 -183.88 
7  
11000C 
0.2 -63.75 
8 2 -103.33 
9 20 -121.01 
 
4. RESULTS AND DISCUSSION 
Accurate prediction of flow stress for the deformation of a material is becoming increasingly important with the 
parallel use of finite element method in the development of deformation-process models to characterize the 
workpiece behavior. The effect of forging temperature and strain rate on flow stress of medium carbon vanadium 
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micro-alloyed steel grade 38MnVS6 steel has been observed for the specimens, deformed under the processing 
conditions given in Table2. The samples are shown in Fig. 6 during and after the deformation in TMS. The 
maximum values of flow stress are tabulated in Table 4 for all samples deformed up to 66 %. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Graphs of Thermo mechanical simulation (TMS) for temperature (a) 9000C; (b) 10000C and (c) 11000C at various strain rates 
Fig. 7 shows the stress–strain curves (flow curves) for the MC-MA steel during hot compression deformation at 
900, 1000 and 11000C, and in strain rates of 0.2, 2 and 20S−1. The curves show that at the same deformation 
temperature, the flow stress increases with strain rate. Table 4 shows the maximum value of flow stress is -248.99 
MPa obtained at 900oC and 20S-1 and the minimum value of flow stress is -63.75 MPa obtained at 1100oC at 0.2S-1. 
Negative value indicates compressive flow stress. From the stress strain graphs it has been observed that the 
deformation resistance increases with decrease in temperature and increases with increase in strain rate. The strain 
softening phenomenon is more likely to occur at lower strain rates for given temperature. Lower the deformation 
temperature, higher the flow stress, while the higher strain rates, the higher flow stress. This is because the fact that 
lower strain rates and high temperatures provide longer time for energy accumulation and higher mobility at 
boundaries for the nucleation and growth of dynamically recrystallized grains. Such variations can also be 
confirmed by the FE simulations. Fig. 8 shows the graphs obtained from FEM simulation for fixed strain rate of 0.2 
S-1 at different forging temperatures. One can see that under the same strain rate, the flow stress increases with the 
decrease of deformation temperature. Fig. 9 and Fig. 10 show the stress distribution and strain distribution 
respectively during deformation. FE simulations provides different methods of defining the flow stress, in which the 
method of tabular data format most highly recommended due to its ability to follow the true behavior of a material, 
where all material data were given as function of temperature, and strain rate. FE simulations also provided detailed 
information on the specimen deformation so that a comparative study between FE simulations and actual 
experiments of the compression tests may be possible. The same material properties were used as for the analysis of 
the compression of the specimens. From the simulation results we can say that the deformation of the block is non-
homogeneous and the maximum deformation in material occurs at the center, i.e. maximum effective strain locates 
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at the center of the block. The distribution of effective stress in the deformed block is also non-homogeneous. As 
shown, the profiles and values of specimen from simulations are very close to that from experimental results.  
 
 
 
 
 
 
 
 
 
 
Fig.8. Graphs obtained from finite element simulation for strain rate 0.2 S-1 at (a) 9000C; (b) 10000C and (c) 11000C temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Stress distribution of sample after deformation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10. Strain distribution of sample after deformation 
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5. Conclusions 
In the present study isothermal forging of medium carbon vanadium micro-alloyed steel has been carried out 
using thermo-mechanical simulator (GLEEBLE-3500) to analyze the effect of forging temperature and strain rate on 
flow stress. Based on experimental conditions, the FE simulations are carried out to compare and validate the 
results. The following conclusions have been drawn. 
(i) The stress value decreases as an increase of temperature that in turn requires lower flow stress. But in case of 
constant temperature the stress increases with respect to increase in strain rate. 
(ii) It is observed from the stress-strain graphs that the resistance to deformation increases with lowering of 
forging temperature and increases with strain rate. 
(iii) Lower the deformation temperature, higher is the flow stress; whereas the higher flow stress imposes higher 
strain rate. This is because of the fact that low strain rates and high temperatures provide longer time for energy 
accumulation. 
(iv) The graphs have been obtained from actual experimentation and from simulation are similar in nature. 
(v) The simulation results revealed an excellent agreement with the experimental results. Thus the FE simulations 
and hot compression experiments have been provided a more effective means in the study of deformation behavior 
at the die/workpiece interface. 
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